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In  the  course  of  investigations  undertaken  in  this  laboratory  it
became  desirable  to  correlate  in  one  experiment  certain  growth
phenomena  of  pneumococcus  in plain  broth  and  to  ascertain  their
time  relationships  as  expressed  in  terms  of  the  growth  curve.  It
was  shown  by  Chesney  (1) that  the growth  curve  of  pneumococcus
in plain broth varies but little.  Avery and Cullen  (2)  observed  that
pH  changes  occurred  in  the  substrate  of  such  cultures.  Dochez
and  Avery  (3)  noted  the presence  of  a substance  in the substrate  of
pneumococcus  cultures  which  reacts  specifically  with  the  type anti-
pneumococcus  serum.  It  is  known  that  under  certain  conditions
peroxide  occurs  in  pneumococcus  cultures  (4,  5)  and  that bacteria-
free  filtrates  containing  this  compound  promptly  change  solutions
of  catalase-free  crystalline  hemoglobin  to methemoglobin.1 More-
over,  it  has  been  shown  (6)  that  when  the  filtrate  of  a  broth
culture  of  pneumococcus  is  reinoculated  with  pneumococcus  visible
growth  does not occur,  and that this is due  to at least three factors:
the first is  the unfavorable pH  of the filtrate;  the second is  the lack
of sufficient nutritive substances;  the third is the presence  of  a  per-
oxide in the filtrate.  It  has  been  demonstrated  that  a  hardier  or-
ganism,  as Staphylococcus aureus, will grow in pneumococcus  filtrates
despite  the action  of  the first  two factors;  whereas,  growth  does not
occur in filtrates  containing  peroxide.
An  attempt  was made  to  investigate  the  time  relations  of  the
above  phenomena.
I Unpublished observations.  The relation of catalase  to this phenomenon and
the destruction of oxyhemoglobin  by pneumococcus  under other conditions will be
discussed in a subsequent communication.
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EXPERIMENTAL.
Method.
Into a large Erlenmeyer flask were placed 450 cc. of plain broth.  The flask was
of such size that the broth in it reached a depth of only 2 cm., thus insuring a large
surface area-volume  ratio (5).  The medium  was incubated for 24 hours to insure
sterility and then seeded with 0.5  cc. of  a 6 hour broth culture of Pneumococcus
Type II.  It was replaced in the incubator and at intervals of a few hours 30 cc.
fractions  of the culture were removed for examination.
The procedure for the examination of each fraction was as follows:  A measured
amount was plated in glucose  agar in order  to determine  the colony count.  The
remainder was passed through a Berkefeld filter.  A colorimetric pH determination
was made upon a sample of the filtrate thus obtained.  0.5 cc. of the filtrate was
added to an  equal  quantity of Type II antipneumococcus  serum to  test for  the
presence of the specifically reacting  (soluble)  substance.  The presence or absence
of peroxide was  determined  as  follows:  2 drops  of  a  freshly  prepared  saturated
solution of benzidine in glacial acetic acid were added to 0.5 cc. of the filtrate.  This
was done in an agglutination  tube  containing a piece of  raw potato about  2 cm.
square.2  With a 2 per cent  solution of hemoglobin made from crystalline hemo-
globin containing  no  catalase,3 a  test  was  then  performed  for  the  transfor-
mation  by  the filtrate  of  oxyhemoglobin  to  methemoglobin.  Equal  quantities
of  the  oxyhemoglobin  solution  and  filtrate  were  used  and  the  macroscopic
readings  were  verified  by  spectroscopic  examination.  All  readings  were  made
after the tubes had remained  in  the water  bath  at  37°C.  for  30  minutes.  With
the  remainder  of  the  filtrate  cultivation  experiments  were  performed.  The
fractions showing a change in pH, due to the growth activity of the pneumococcus,
were  readjusted  to  7.7.  Into  5 cc.  quantities  of this  readjusted  pneumococcus
culture  filtrate  Pneumococcus  Type II and  Staphylococcus aureus were  seeded.
The inoculum in the case  of the pneumococcus  consisted  of  0.05  cc.  of a  6 hour
broth  culture  and in  the case  of the  staphylococcus of one loop of a 6 hour broth
culture.4
2 The presence of peroxide is promptly indicated in this test by the appearance
of a blue color about the potato; when the reaction is intense the surrounding fluid,
as well as the potato,  shows the color change.
3  We  are indebted to Dr. Michael  Heidelberger  for the crystalline  hemoglobin
prepared  from horse blood.
4  These  cultures were  kept in the ice  box throughout  the experiment and at its
completion their viability  was controlled  by transfers  into plain broth,  with the
standard  inocula.  There was  abundant  growth  at the  end  of 6 hours  in each
instance.
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Growth Activity,  as Determined by Colony Count, of the Broth Cul-
ture of Pneumococcus Type II.
The rate  of growth  of the  pneumococcus  culture  was  determined
by a numerical  estimation  of the number of  viable  organisms  in the
culture fluid at different  periods of growth.
The number of organisms present in 1 cc. of the culture was determined by the
colony count method, with 1 per cent dextrose agar.  Dilutions of the culture were
carried out by 10's  and were so made that 0.5 cc. of the fluid of a given  dilution
contained a known amount of the original culture.  Separate pipettes were used in
making  the dilutions.  Two or more dilutions of the culture were plated  in each
TABLE  I.
Correlation  of Phenomena  Occurring  during Growth of Pneumococcus.
Precipitin  Formation of
Time after  No.  of colonies  reaction with  Presence of  methemoglobin Tie  dr S  *  pH  of  subtrate.  antipneumo-  peoide  frombt  o seeding.  per cc.  of culture.  p  e  coccus  erum  eseol-
coccus  serum  peroxide.I  hemoglobin.
krs.
0  3,960  7.7  -*  -
4  273,000  7.7  - -
7  8,600,000  7.7  +  -
10  50,500,000  7.4  ++  +  +
13  450,000,000  7.3  ++  ++  ++
16  179,000,000  7.3  +++  +++  ++  +
19  138,000,000  7.2  +++  +++  +++
27  50,000  7.2  +++  +++  +++
* - indicates  no  reaction;  +,  visible  precipitate;  ++,  flocculation;  +++,
heavy flocculation.
t Determined  by the  benzidine  reaction.  - indicates  no  reaction;  +,  blue
color about the piece of potato;  + +, blue color of potato  and  to a  less extent  of
surrounding fluid;  + + +,  intense blue color of potato and surrounding fluid.
; Prepared from crystalline hemoglobin  containing no  catalase.
examination  and, making  the necessary calculation for the different dilutions,  the
average of them was used as the colony count per cubic centimeter  of culture for
that hour.  The count was  made after  the  dextrose  agar plates  containing  the
different dilutions of the culture had remained in the incubator at least 48 hours.
The  usual  period  of  lag  was  avoided  by  the  use  of  a  relatively
large  inoculum  from  an  actively  growing  culture.  It  is  seen  from
Table  I  that the number  of  colonies  per  cubic  centimeter  increased
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steadily  during  the  first  13  hours  of  incubation.  Examinations
made  after  this  time  revealed  a  rapidly  decreasing  colony  count
until  the  27th  hour,  at  which  time  only  50,000  colonies  grew  from
1 cc.  of  the culture.
Reaction Changes in the Broth Culture Filtrates  of Pneumococcus
Type II.
The changes  in pH which occurred  in the substrate  during growth
of the broth culture  of pneumococcus  were noted.
The pH readings were made by the calorimetric method and were determined on
the  filtrates  of  fractions  removed  from  the  parent  culture  at stated  intervals'
(Table I).
It  is evident from  Table I that the pH of the broth remained prac-
tically  unchanged  (pH  7.7)  during  the  first  7 hours  of  incubation.
Between  the  7th and  10th  hours  the  medium  became  less  alkaline,
the reading made at the  end  of  the 10th  hour  being  7.4.  After  the
10th hour the pH slowly decreased  until, at the  end of the experiment
(27  hours  of  incubation),  the reading  was  pH  7.2.
The Occurrence of Specific Soluble Substance in the Broth Culture
Filtrates  of Pneumococcus Type II.
The time  of appearance  of  the  specifically  reacting  substance  was
determined  by examination of the bacteria-free  filtrates of the culture
at  different phases  of  its growth.
At the intervals stated in Table I, 0.5 cc.  of the culture filtrate was added to 0.5
cc. of Antipneumococcus  Serum Type II.  The tubes containing the  mixtures of
immune  serum and culture fluid were  incubated in the water bath at 370C.  for  1
hour,  and the  presence or  absence  of specific  precipitation  was  noted  (Table I).
The  occurrence  of  the  soluble  substance  was  first  noted  in  the
filtrate obtained from  the culture after 7 hours of growth.  Although
no  quantitative  titration  of  the  precipitinogen  was  made  the  maxi-
mum  reaction  was  reached  by  the  13th  hour  and  persisted  in  all
subsequent  tests.
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The  Occurrence of Peroxide in the Broth Culture Filtrates of
Pneumococcus Type II.
The  time  of  appearance  of peroxide  in  the  culture  of  pneumo-
coccus  was  determined  by  examining  filtrates  of  the  culture  at
different intervals  of growth.
0.5 cc. of the filtrate of the fraction of culture to be examined  was placed  in an
agglutination  tube.  A small piece of raw potato was  then dropped into the tube
and immediately 0.1 cc. of the benzidine reagentwas added.  The appearance of a
blue  color indicated  the presence of peroxide in the filtrate.  Immediate  readings
of the  tests  were made  since  the  color reaction  tends  to  disappear  on  standing
(Table I).
The peroxide test was negative in the fractions removed at the 4th
and  7th  hours of incubation of  the culture.  However,  the filtrate  of
the  culture  after  10  hours  growth  gave  a  positive  reaction.  This
reaction  increased  in  intensity,  reaching  its  maximum  at  the  16th
hour,  and  it remained  strongly  positive  throughout  the  remainder
of the experiment.
Methemoglobin Formation  by the Broth Culture  Filtrates  of Pneumococcus
Type II.
Tests  were  made  at  intervals  during growth  of  thepneumococcus
culture  to determine whether  or not  the filtrate  possessed  the  prop-
erty  of  converting solutions  of crystalline  hemoglobin  to  methemo-
globin.
The hemoglobin  consisted  of a  2  per cent solution  of catalase-free  crystalline
hemoglobin  in phosphate  solution  pH  7.8.  0.5  cc.  of  this  hemoglobin  solution
and 0.5  cc.  of the  filtrate to be  tested  were pipetted  into  an agglutination  tube
and placed in a water bath at 37° for 30 minutes.  Control experiments consisting
of equal quantities of plain  broth and hemoglobin solution  were  made with each
filtrate.  The  macroscopic  readings  were  verified  in  each  instance  by  spectro-
scopic  examination.
As  is  shown  in  Table  I,  solutions  of  crystalline  hemoglobin  con-
taining  no  catalase  were  converted  into  methemoglobin  by  the
bacteria-free  filtrates  of  the  pneumococcus  culture.  This  phenom-
enon  did  not  occur  with  filtrates  of  fractions  of  the  culture
obtained  before  or at  the  end  of  the  7th  hour  of  incubation  but
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appeared  first in the fraction  which  was  removed  after  10  hours  of
incubation.  By  the  16th  hour  of  incubation  the  methemoglobin
reaction  had  apparently  reached  the  maximum,  and  so  persisted
throughout  the remainder  of the  experiment.
Growth of Pneumococcus and Staphylococcus in Filtrates of a Broth
Culture of Pneumococcus Type II.
Cultivation experiments,  with  the homologous  organism,  Pneumo-
coccus  Type  II,  and  Staphylococcus  aureus,  were  made  with  the
filtrates  of  the  fractions  of  the pneumococcus  culture.  These  frac-
tions  were  removed  at  different  periods  during  the  growth  of  the
pneumococcus  culture.
TABLE  II.
Growth of Pneumococcus and Staphylococcus aureus in Filtrates  of a Broth Culture of
Pneumococcus Type II.
Filtrate of  Growth of Staphylococcus R in pneumo-  Growth  of Pneumococcus  Type II in
pneumococcu  coccus  filtrate (pH 7.8).  pneumococcus  filtrate  (pH 7.8). broth culture
after
incubation.  12  hrs.  24hra.  48hrs.  96hrs.  168hrs.  12hrs.  24hrs.  48hrs.  96hrs.  168hrs.
hrs.
0  +  +
4  +  +  I
7  +  +  I 
10  0  0  0  +  0  0  0  0  0
13  0*  0
16  0*  0
19  0*  I  0
27  0*  0
* A blood  agar plate inoculated  with one loop from  this tube remained sterile.
The pH of the filtrate of each fraction  of the culture was determined and, when
necessary,  readjusted to 7.7.  One loop of a 6 hour broth culture of Staphylococcus
aureus and 0.05 cc. of a 6 hour broth culture of Pneumococcus Type II, respectively,
were seeded into 5 cc. portions of the filtrates.  The presence or absence of growth
was determined macroscopically  (Table II).
It  is apparent from Table II that growth occurred when the homol-
ogous  strain  of  pneumococcus  was  seeded  into the  filtrates  of  frac-
tions  of  the pneumococcus  culture  removed  before  or  at  the end  of
7  hours incubation.  Filtrates  of fractions removed  from  the  culture
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after it had incubated  for 10 hours or longer failed to support growth,
as  determined  by  macroscopic  examination.
Staphylococcus  grew  rapidly  and  abundantly  in  the  filtrates  of
those  fractions  of  the  pneumococcus  culture  which  were  removed
before,  and  at the end  of  7 hours  of  incubation.  Only  after  4 days
did  growth  of  staphylococcus  occur  in  the  filtrate  of  the  fraction
which  was  removed  after  10  hours  of  incubation.  Staphylococcus
failed  to  grow  in  filtrates  of  the  pneumococcus  culture  when  the
latter had been incubated  13 hours or longer.  Moreover,  the staphy-
lococci introduced into these filtrates by the inoculum were no longer
viable after  7 days of exposure  to this environment.
DISCUSSION.
In  a series  of  observations  upon  an individual  culture  of pneumo-
coccus  it has  been  possible  to  demonstrate  within  a  single  experi-
ment many  of  the physiologic  activities of  the growing cell.  These
observations  include a numerical  estimation of the number of viable
organisms at different periods  of growth and the correlation of growth
activity  with the production  of acidity,  the elaboration  of a  soluble
specific substance, the formation of peroxide and, under certain condi-
tions,  the  conversion  of  oxyhemoglobin  to  methemoglobin.  The
results  of  the  various  examinations  made  during  the  course  of  the
experiment  are  represented  graphically  in  Text-fig.  1.  By a  study
of  this chart  one  is  enabled  to  ascertain  the  time  relationship  of
some  of the phenomena  which  occur  during the growth  of the pneu-
mococcus,  under  the  conditions  described.  The  significance  of
the  occurrence  of  these  growth  products  in  culture  fluids  and  their
relation  to  accompanying  phenomena  such  as  growth  inhibition
has  been  pointed  out  in  previous  papers.  While  in  these  earlier
studies  the  experimental  facts  concerning  these  substances  have
been  given in detail, it seemed  desirable  to comprise  within  a single
experiment  observations  which  would  summarize  the  relationships
existing  between  these  several  growth phenomena  of  pneumococcus.
From the graphic presentation  of  results given in Text-fig.  1, it is
evident  that  under  appropriate  conditions,  the  rate  of  growth  of
pneumococcus  follows  the  characteristic  curve  previously  described
by Chesney.  It  is further evident  that during the time of maximum
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rate  of growth, that is during the period of logarithmic increase when
cell  multiplication  is  at  its  maximum,  there  is  a  critical  phase in
which  these various products  of cell metabolism  begin to accumulate
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TEXT-FIG.  1. Correlation  of phenomena  occurring  during  growth  of  pneumo-
coccus; time relations are  expressed with reference  to the growth  curve.
in the culture  fluid.  Although  the  exact  hours  given  in the present
experiment  are  relative  and  largely  dependent  upon  the  particular
cultural  conditions,  they  serve,  nevertheless,  to  indicate  the  ap-
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proximate  time  of  appearance  and  duration  of  the  various  phe-
nomena  studied.  While under  other  circumstances  the  exact  time
relationships  may  be  modified,  the  appearance  of  these  substances
expressed in terms of  the growth phases of the culture  should remain
constant.  The  experimental  data  presented  justify  the  conclusion
that these  changes  in the bacterial  substrate  appear  relatively  early
in  the logarithmic  phase  of  growth.  In  the  present  experiment  in
which bacterial  lag  was  purposely  avoided,  this  critical  time in  the
age  of the  culture  appears  to lie  between  the 7th and 13th  hours of
incubation.  At  the  beginning  of this  period  there  is  a  progressive
increase  in  the  number  of  organisms,  and  within  this  period  the
reaction  of  the  medium  becomes  progressively  more  acid  with  a
change in pH from 7.7 to 7.3, which is within 0.1 pH of the maximum
acidity  finally  reached.  Concomitantly  with  this  active  cell  multi-
plication  and reaction  change,  there  appears in  the  culture  fluid at
about  the  7th  hour  the  so  called  soluble  substance  which  reacts
specifically  with  antipneumococcus  serum  of  the  homologous  type.
This  specifically  reacting  substance  increases  with  the  increasing
growth  and  persists  during  the  final  stages  of  dissolution  of  the
bacterial  cells.  As previously  pointed  out  (3),  the early appearance
of  this  substance in  soluble  form  indicates  that it is  the product  of
cell  activity  rather  than  of  cell  death.
During  the  critical  phase  of  growth,  in  addition  to  the  changes
already  noted  there appears  in  solution in the  culture  fluid  another
substance,  which  has  the  properties  of  hydrogen  peroxide  (4).
This  peroxide  is  demonstrable  by  the  10th  hour  of  growth  and
gradually  increases  in  concentration  until  the maximum  is  reached
at  about  the  16th  hour.  With  its  appearance  the  bacteria-free
filtrates  of  the  culture  acquire  for  the  first  time  the  property  of
transforming catalase-free  crystalline  hemoglobin  to methemoglobin,
and of inhibiting the growth of other organisms such  as Staphylococcus
aureus.  The  relationship  between  peroxide  and  methemoglobin
formation  under  the  conditions  of this  experiment  seems  to be  one
of  cause  and  effect,  since  hydrogen  peroxide even  in minimal  con-
centration  is  capable  of  converting  oxyhemoglobin  into  methemo-
globin  providing  the  solution  of  blood  pigment is  prepared  from
crystals  of  hemoglobin  in  which  catalase  has  been  destroyed.  As
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pointed  out  earlier  in  the  present  paper,  simultaneously  with  the
occurrence  of peroxide  in  the medium  the culture  filtrates  acquire
the property of inhibiting growth.  That the inhibition is dependent,
in  the  case  of Staphylococcus aureus at least, upon  the  presence  of
peroxide,  is indicated  by the  fact that the  same  culture  fluids,  after
the peroxide  has  been  destroyed,  suffice  to  support  growth  of  this
organism  (6).  By contrast  the pneumococcus  itself,  of  the  same  or
of different  type,  is  unable  to  grow  in  the  filtrate  of  a  culture  in
which it previously  thrived.  This autoinhibition  is  dependent  upon
factors  other  than  the  presence  of  peroxide,  since  in  the  absence
of this substance  growth cannot be initiated in a medium  previously
metabolized  by  pneumococcus.  Acidity  alone  is  not  accountable
for  failure  of  growth  under  these  conditions,  since  on reinoculation
of  culture  filtrates,  the  reaction  of  which  has  been  readjusted
to  the  optimal  pH,  growth  of  pneumococcus  still  does  not
occur.  Obviously  then  the  growth  is  restrained  by  other  factors
besides  acidity  and  peroxide,  both  of  which,  however,  may  under
certain  circumstances  limit  it.  This  third  factor  involved  in  the
mechanism  of  growth  inhibition,  as  has  been  previously  pointed
out, seems to be the absence of fermentable  substance in the medium,
a  condition  due  to  specific  exhaustion  by  previous  growth.  For  it
has  been  shown  that  the addition  of  small  traces  of  sugar  to plain
broth  previously  metabolized  by  pneumococcus  suffices  to  render
the medium  again  suitable  for  growth  of  this  organism  (2).
SUMMARY.
The  growth  of  a  culture  of  pneumococcus  was  followed  together
with the time relations  of  some  of  the  phenomena  incident  thereto.
There  were,  roughly  speaking,  three  periods  of  growth:  first,  the
period of maximum rate, or logarithmic period; second, a brief station-
ary  period;  and  third,  the  period  of  decline,  during  which  actual
death  of individual  organisms  in  the culture  occurred.  It  has been
pointed  out that the usual preliminary  latent period was  avoided by
the  use  of  relatively  large  inoculum,  obtained  from  a  culture  which
was  itself in the logarithmic  period  of growth.
During the height of growth activity of the culture certain changes
in  the  substrate  became  demonstrable.  Between  the  7th and  10th
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hours  the  reaction  of  the  medium  was  changed  by  the  production
of acid  and the soluble  specific substance  was  detected.  At a some-
what later time in the logarithmic period of the culture  peroxide was
demonstrable  and,  simultaneously  with  the  appearance  of  this  sub-
stance,  the  substrate  acquired  the  ability  to  change  catalase-free
crystalline hemoglobin  to methemoglobin.  Moreover,  changes  then
occurred  in  the  cultural  fluid,  such  that,  after  the  removal  of  the
parent  organisms  by  filtration,  it no longer  supported  growth  when
seeded  with  either  the  pneumococcus  or  staphylococcus.  These
changes  occurred  early in  the  logarithmic  period  of  growth  of  the
culture.
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